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native structure depended on lipid composition.
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(Bacl(ground: Nothing was known about influences of membrane lipids on transmembrane chemoreceptors.
Results: Assays of adaptational modification of chemoreceptors in Nanodiscs containing different lipids revealed functionally

Conclusion: Chemoreceptors are strongly influenced by lipid environment and tuned to their natural one.
Significance: Lipids surrounding the small portion of a chemoreceptor in the membrane have profound effects on functional
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Most bacterial chemoreceptors are transmembrane proteins.
Although less than 10% of a transmembrane chemoreceptor is
embedded in lipid, separation from the natural membrane envi-
ronment by detergent solubilization eliminates most receptor
activities, presumably because receptor structure is perturbed.
Reincorporation into a lipid bilayer can restore these activities
and thus functionally native structure. However, the extent to
which specific lipid features are important for effective restora-
tion is unknown. Thus we investigated effects of membrane lipid
composition on chemoreceptor Tar from Escherichia coli using
Nanodiscs, small (~10-nm) plugs of lipid bilayer rendered
water-soluble by an annulus of “membrane scaffold protein.”
Disc-enclosed bilayers can be made with different lipids or lipid
combinations. Nanodiscs carrying an inserted receptor dimer
have high protein-to-lipid ratios approximating native mem-
branes and in this way mimic the natural chemoreceptor envi-
ronment. To identify features important for functionally native
receptor structure, we made Nanodiscs using natural and syn-
thetic lipids, assaying extents and rates of adaptational modifi-
cation. The proportion of functionally native Tar was highest in
bilayers closest in composition to E. coli cytoplasmic mem-
brane. Some other lipid compositions resulted in a significant
proportion of functionally native receptor, but simply sur-
rounding the chemoreceptor transmembrane segment with a
lipid bilayer was not sufficient. Membranes effective in support-
ing functionally native Tar contained as the majority lipid phos-
phatidylethanolamine or a related zwitterionic lipid plus a
rather specific proportion of anionic lipids, as well as unsatu-
rated fatty acids. Thus the chemoreceptor is strongly influenced
by its lipid environment and is tuned to its natural one.

The majority of bacterial chemoreceptors are transmem-
brane proteins (1). Among transmembrane chemoreceptors,
the most common organization (1) is exemplified by the well
studied chemoreceptors of Escherichia coli and Salmonella (2),
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which span the membrane with a loosely packed four-helix
bundle (3, 4) that is less than 10% of the entire receptor (see Fig.
1, A and B). When such receptors are removed from their nat-
ural lipid environment by detergent solubilization, they lose
most activities (5, 6), presumably because their native state is
perturbed. Reinsertion into a lipid bilayer can restore those
activities (6). An early study utilized mixed lipid-detergent
micelles to probe possible effects of lipids on receptor activity
(5). However, there is no published information about effects
on chemoreceptors of lipid composition in the natural environ-
ment of a membrane bilayer. We used Nanodiscs, small (~10-
nm) plugs of lipid bilayer rendered water-soluble by an annulus
of “membrane scaffold protein” (MSP)? (see Fig. 1B) to vary the
composition of the bilayer into which the aspartate chemore-
ceptor Tar from E. coli was inserted and thereby investigate
influences of membrane lipid environment on a chemorecep-
tor. Nanodiscs provided a convenient way to perform these
studies because they can be made with many different lipids and
lipid combinations (7). Furthermore, the relatively high ratio of
protein to lipid in a Nanodisc creates a bilayer environment that
mimics features of the natural, protein-dense cytoplasmic
membrane (8 —-10).

Like all chemoreceptors for which the relevant information is
available, the fundamental structural unit of E. coli Tar is a
homodimer (2). This dimer is an extended helical structure (see
Fig. 1B). On the periplasmic side of the cytoplasmic membrane,
two antiparallel four-helix bundles interact to create ligand
binding sites at their interface (11). For Tar and related chemo-
receptors, two helices from each bundle extend through the
membrane as a loose four-helix bundle (3, 4, 12). One helix
from each subunit connects to a signal conversion segment, a
HAMP domain that itself is a parallel four-helix bundle. Two
HAMP domain helices extend to form two of the four helices of
an extended four-helix coiled coil, which at its membrane-dis-
tal hairpin tip interacts with the signaling histidine kinase CheA
and the coupling protein CheW to form signaling complexes

2The abbreviations used are: MSP, membrane scaffold protein; PE, phos-
phatidylethanolamine; PG, phosphatidylglycerol; DPG, diphosphatidylg-
lycerol; PC, phosphatidylcholine; Hex Il, hexagonal, non-bilayer organiza-
tion of membrane lipids.
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FIGURE 1. Chemoreceptors and assessment of receptor adaptational
modification. A, graphic of a portion of an extended array of chemotaxis
signaling complexes illustrating native membrane-embedded trimers of
chemoreceptor dimers interacting with CheA and CheW (cloud-like region) at
their distal signaling tips. B, graphic of a Nanodisc containing a single chemo-
receptor homodimer. C,immunoblot of chemoreceptor Tar showing the rel-
evant section of a SDS-polyacrylamide gel from which the extent of adapta-
tional modification can be determined. From left to right, the gel lanes
contained Tar that was untreated (—), treated with CheR plus the methyl
donor S-adenosylmethionine (CheR + SAM), or treated with phosphorylated
CheB (CheB-P). Labels on the right mark the positions of fully deamidated (de),
unmodified (un), and fully methylated (me) Tar. D, representative time
courses used to determine the plateau extents of Tar methylation for receptor
inserted in Nanodiscs. In this case, Tar was inserted in membranes made with
native (E. coli lipids), native phosphatidylethanolamine plus diphosphatidyl-
glycerol (nPE + nDPG), or native phosphatidylethanolamine (nPE).

(see Fig. 1A). The bacterial chemosensory system adapts to per-
sistent stimulation. The mechanism is covalent modification,
methylation or demethylation for positive or negative stimula-
tion, respectively, of four or five specific glutamyl residues on
the surface of the extended cytoplasmic coiled coil (2). Methy-
lation is catalyzed by methyltransferase CheR and demethyla-
tion by methylesterase CheB. CheB also catalyzes deamidation
of specific chemoreceptor glutamines to create two of the
methyl-accepting glutamyl residues in the mature protein (2).
When incorporated into Nanodiscs made with bulk phos-
pholipid extracted from E. coli membranes, chemoreceptor Tar
assumes a functionally native state that can exhibit the full
range of receptor activities (6, 13—15). Thus bilayers contained
in Nanodiscs are an appropriate environment in which to inves-
tigate effects of lipids on chemoreceptor structure. In the cell,
chemoreceptors form trimers of dimers and extensive hexago-
nal arrays of signaling complexes (see Fig. 14) (2, 16). To focus
on effects of the lipid environment on the fundamental struc-
tural unit, the receptor dimer, and avoid possible complexities
of dimer-dimer interactions, we studied dimers isolated from
each other in individual Nanodiscs (see Fig. 1B). Such isolated
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dimers exhibit all chemoreceptor activities not dependent on
trimer formation, including modification by the adaptational
enzymes and transmembrane signaling (6, 13).

We assessed the extent to which each lipid environment sup-
ported functionally relevant Tar structure by assaying covalent
modification by the enzymes of adaptational modification.
Modification by these enzymes is a useful assay of receptor
structure. Both enzymes are thought to clasp the four-helix,
coiled-coil structure of the chemoreceptor cytoplasmic seg-
ment around a substantial fraction of its circumference, placing
the active site near the side chain to be modified (17-19). Deter-
gent-solubilized receptors are not modified by the enzymes (5,
6), presumably because perturbations of helical structure, pack-
ing, and/or dynamics disrupt productive clasping and thus
catalysis. Incorporation of detergent-solubilized receptor into a
Nanodisc-enclosed membrane formed from native E. coli lipids
reverses this disruption, generating a functionally native
chemoreceptor structure and thus almost complete modifica-
tion by the adaptational enzymes (6, 13). The combination of
Nanodisc technology and assays for functionally native states of
receptors using adaptational modification allowed us to investi-
gate influences of lipid bilayer environment on chemoreceptors.

EXPERIMENTAL PROCEDURES

Materials—Membrane scaffold protein MSP1D1(—) (20)
and chemoreceptor Tar with a 6-histidine carboxyl-terminal
extension (Tar-6H) plus a QEQE arrangement at the four
methyl-accepting sites (21) were purified as described (22). A
polar extract of total E. coli lipids, individual natural lipids puri-
fied from such an extract, and individual synthetic lipids were
purchased in chloroform solutions from Avanti Polar Lipids
(Alabaster, AL). Each synthetic lipid carried one species of fatty
acid at the two fatty acid positions. These were as follows: phos-
phatidylethanolamine (PE) with exclusively saturated or unsat-
urated fatty acids had two 16:0 or 16:1 fatty acids, respectively;
phosphatidylglycerol (PG) 16:0 or 18:1; and diphosphatidylg-
lycerol (DPG) 14:0 or 18:1. The exclusively unsaturated fatty
acids of monomethylated PE and of phosphatidylcholine (PC)
were 18:1. Stock lipid solutions were prepared by taking the
chloroform solution to dryness with a stream of nitrogen, addi-
tion to the dried lipid of a volume equivalent to the original
chloroform solution of 50 mm Tris-HCI (pH 7.5) and cholate at
100-300 mw, agitation in a sonicating water bath until the mix-
ture cleared (3-6 h), and storage at —80 °C under argon (22).
Concentrations of lipids in these solutions were determined
using a total phosphorous assay (23).

Nanodiscs—Nanodiscs were prepared essentially as described
(22) using an MSP/lipid molar ratio of 1:60 and a Tar-6H/MSP
ratio of 1:10. Receptor-containing Nanodiscs eluted from the
nickel column were fractionated by size-exclusion chromatog-
raphy on a TSK 5000 column to obtain preparations of almost
exclusively one Tar dimer per disc (15) and stored at —80 °C.
Nanodiscs made with MSP1D1(—) contain ~80 phospholipids
per membrane leaflet (20). Insertion of one chemoreceptor
dimer would be expected to reduce that number to ~68 lipids
per leaflet. Nanodiscs containing the three major E. coli lipids
were made by mixing purified or synthetic lipids in the propor-
tions 71 mol % PE, 24 mol % PG, and 5 mol % DPG. These ratios

VOLUME 287 +NUMBER 50-DECEMBER 7, 2012



Influence of Membrane Lipid Composition on a Chemoreceptor

| l g‘ PBﬂgG
2 g 200 ]:
.
o) K] K . = 100
T 155 B 58
S B8 4 A= 1) orc| Y
EelNe .0 o 4 Z
] NI NY 0 10_ 20 30 T
% NZ ; sec Z
. 1R NZ7Z
2 N 2
o Z NZZ
O N7 N ]
o nd N N 54
SN Z NZIN%
£ N NAN
T 2 NA NN
£ _|NA NZ
IINZ A N
20 \% Z §/
SENINZINZINZ N
N AN
X 1IN N g
] 2
NI ZINZ [
NN Z N NP Z
® |PE PE PE — PE — —
sSg/Pe PG — PG — PG —
S ES8({DPG — DPG DPG — — DPG
[l e ™
£ purified lipids

Natural E. coli lipids

FIGURE 2. Plateau extents of methylation and demethylation of Tar
homodimers in Nanodiscs made with native E. coli phospholipids. Bars
show the plateau extent of methylation (left-hand bar of each pair, stippling
sloping down to the right) and deamidation (right-hand bar of each pair, stip-
pling sloping down to the left) in conditions designed to modify all receptors
sufficiently native to be recognized by the respective enzymes (Fig. 1D). Val-
ues with error bars (standard deviations) are means of at least three independ-
ent experiments. The lipids from which the respective Nanodiscs were made
are indicated along the abscissa: an unfractionated acidic extract of E. coli
membrane (total membrane lipids) and combinations of one or more of the
three major lipids of those membranes, PE, PG, and DPG, that had been puri-
fied from such extracts (purified lipids) and mixed at relative ratios represent-
ative of native E. coli membranes (see “Experimental Procedures”). The inset
shows initial time courses of methylation for Tar inserted in Nanodiscs made
with native phosphatidylethanolamine and diphosphatidylglycerol (PE +
DPG) or native diphosphatidylglycerol (DPG).

corresponded essentially to the range of ratios determined
for cytoplasmic membrane of E. coli: 70 —75 mol % PE, 15-20
mol % PG, and 2—6 mol % DPG (24), and the relative propor-
tions for the purchased polar extract of total E. coli lipids,
67:23:10. For mixtures of two lipids, we used ratios based on
the relative proportions in the mixture of all three. For
instance, we made mixtures of PG and DPG at a ratio of
(24/29):(5/29) = 83:17.

Assaying Nanodisc-inserted Tar—Plateau extents of adapta-
tional modification (see Fig. 1D) were produced by incubating 5
M Nanodisc-inserted Tar for 2 h at room temperature with 5
M CheR and 80 mwm S-adenosylmethionine or with 5 um CheB
and 50 mMm phosphoramidate (25, 26). Samples were analyzed
by SDS-polyacrylamide gel electrophoresis, and gels were
stained with Coomassie Brilliant Blue. Extents of methylation
and deamidation were determined by densitometric quanti-
fication of the proportion of total Tar exhibiting electropho-
retic mobility corresponding to mobility of the fully methy-
lated or fully deamidated forms, respectively (see Fig. 1C).
Initial rates of methylation were determined by incubating
Nanodisc-inserted TarQEQE providing 2.5 uMm available
methyl-accepting sites with 0.125 um CheR plus 50 um S-
adenosyl-L-[methyl->*H]methionine and determining the
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extent of methylation at three times in the 40 s after the start of
the reaction. We determined the extent of methylation using
alkaline hydrolysis of excised bands of Tar from an SDS-poly-
acrylamide gel to yield radiolabeled methanol, vapor phase dif-
fusion, and scintillation counting (13).

RESULTS

We incorporated chemoreceptor Tar into Nanodiscs made
with different lipids. The receptor carried a six-histidine affinity
tag at its carboxyl terminus and the native gene-encoded resi-
dues at its four sites of adaptational modification, i.e. two glu-
tamates and two glutamines. The His, tag allowed separation of
receptor-containing Nanodiscs from discs lacking Tar.
Although the tag has subtle effects on the kinetics of modifica-
tion, it has no detectable effects on the fundamental receptor
activity of kinase activation or on the extent of receptor modi-
fication (21). Nanodiscs were prepared using an excess of scaf-
fold protein relative to receptor to favor formation of discs con-
taining a single chemoreceptor Tar dimer (6) and fractionated
by size-exclusion chromatography to isolate Nanodisc-embed-
ded receptors that were separated from aggregated or other-
wise undesirable material and contained almost exclusively one
Tar dimer per disc (14, 15). The four-helix bundle of the recep-
tor transmembrane region would be expected to displace ~12
lipids from each membrane leaflet of a Nanodisc with a single
inserted Tar dimer.

The state of isolated Tar dimers in different lipid environ-
ments was assessed by determining the proportion of Tar that
had sufficiently native structure to be recognized and thus
methylated by methyltransferase CheR as well as recognized
and thus deamidated by methylesterase/deamidase CheB.
Modifications were detected by altered migration of modified
receptors in SDS-polyacrylamide gel electrophoresis (Fig. 1C)
and assessed after a 2-h, room-temperature incubation with the
respective enzyme at an equimolar concentration. These con-
ditions generated plateau levels of modification (Fig. 1D) and
thus identified the proportion of chemoreceptors that could
attain the functionally relevant structural state. This parameter
had a useful dynamic range because Tar removed from a lipid
environment is essentially not modified (5, 6), and ~90% of
receptors inserted in Nanodisc bilayers made from natural
E. coli lipids are fully modified (Fig. 1C) (15). The ability to be
modified has been used routinely to determine the proportion
of accessible, functionally native receptors in isolated cytoplas-
mic membrane (27-29) or in Nanodisc preparations (6, 13, 15).
However, plateau levels of receptor modification determined in
conditions of extended incubation with equimolar enzyme
would not necessarily be sensitive to relatively subtle structural
perturbations. Thus for several lipid environments, we also
determined initial rates of methylation in conditions of stand-
ard enzyme kinetics assays: low enzyme concentration relative
to the substrate and time points in the first minute after initia-
tion of the reaction (13, 30). For lipid environments in which
plateau levels were low, determination of initial rates was not
technically possible because of low absolute extents of methy-
lation, but we considered a low plateau level of modification as
sufficient for concluding that Tar was functionally non-native
to the extent indicated in that environment. Nanodisc-embed-
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FIGURE 3. Plateau extents of adaptational modification of Tar homodimers
in Nanodiscs made with synthetic phospholipids. Bars show the plateau
extent of adaptational modification (the average of percent methylated and
percent deamidated) for Tar inserted in lipid bilayers made with synthetic
lipids carrying two saturated fatty acids (left, black bar of each triplet) or two
monounsaturated fatty acids (right, white bar of each triplet) or purified from
an extract of native E. coli membranes (middle, gray bar of each triplet; data
from Fig. 2). Values with error bars (standard deviations) are means of at least
three independent experiments. The lipids from which the respective Nano-
discs were made are indicated along the abscissa. The fatty acids carried by
the synthetic lipids are listed under “Experimental Procedures.” Combina-
tions of lipids were prepared at their relative ratios in native E. coli mem-
branes (see “Experimental Procedures”). The inset shows initial time courses
of methylation for Tar inserted in Nanodiscs made with native phosphatidyle-
thanolamine and diphosphatidylglycerol (n(PE + DPG)), native diphosphati-
dylglycerol (nDPG), synthetic phosphatidylethanolamine and diphosphati-
dylglycerol each carrying two monounsaturated fatty acids (u(PE + DPG)), or
synthetic diphosphatidylglycerol carrying two saturated fatty acids (sDPG) or
two monounsaturated fatty acids (uUDPG).

ded Tar was considered in a functionally native state only if
both plateau level of modification and initial rate of methyla-
tion were both a significant proportion of the values for Tar
incorporated into Nanodiscs made with the natural lipid mix-
ture extracted from native E. coli membranes.

Natural E. coli Lipids—Approximately 90% of Tar inserted
into Nanodiscs made with a polar lipid extract of E. coli mem-
branes was recognized and modified by CheR and by the active
form of the deamidase, phospho-CheB (Fig. 2, leftmost pair of
bars), confirming that insertion into a Nanodisc-enclosed lipid
bilayer can provide a hydrophobic environment in which the
receptor is in a functionally native state as defined by our assays
(6). We made Tar-containing Nanodiscs using a mixture of the
three major E. coli lipids, each of which had been purchased as
an individual lipid purified from a polar extract and thus had
the heterogeneity and distribution of fatty acids characteristic
of natural E. coli membranes. The purified natural lipids were
mixed in proportions representative of native membranes (24):
71 mol % PE, 24 mol % PG, and 5 mol % DPG. In these Nano-
discs, ~70% of inserted Tar was modified by the enzymes (Fig.
2, second set of bars). Thus bilayers reconstituted from purified
natural lipids could generate a high proportion of functionally
native receptor. This meant that we could use these purified
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lipids to vary lipid composition and thereby investigate the
extent to which different bilayer features supported native
receptor structure.

We prepared Tar-containing Nanodiscs with all possible
combinations of one, two, or all three major lipids found in
natural E. coli membranes: PE, PG, and DPG. For combinations
of two lipids, the proportion of each was calculated using their
respective relative abundance in the E. coli cytoplasmic mem-
brane (see “Experimental Procedures”). Nanodiscs formed with
the three natural lipids were the most effective in supporting
functionally native receptors (Fig. 2). Elimination of the minor-
ity acidic lipid DPG hardly reduced the proportion of modified
Tar; elimination of PG, the more prevalent of the two acidic
lipids, modestly reduced the proportion; and elimination of the
predominant, zwitterionic lipid PE substantially reduced the
proportion modified. Tar in Nanodiscs containing PE or PG as
the sole lipid exhibited low plateau levels of modification, indi-
cating that little receptor was in a functionally native state.
Receptor inserted into DPG-only membranes was also greatly
perturbed, but in an unusual way. In assays of initial rate, per-
formed in standard conditions of low enzyme concentration
relative to substrate and sampling within the first minute, there
was no detectable methylation of Tar in DPG-only bilayers. As
an example, in Fig. 2, the inset contrasts the substantial initial
rate of methylation for Tar inserted in a bilayer of PE + DPG to
the undetectable rate for Tar inserted in a DPG-alone bilayer.
We also observed comparably low initial rates of deamidation
(data not shown). However, in conditions designed to identify
all molecules in a receptor population that could possibly attain
the enzyme-recognized structure, i.e. equimolar enzyme con-
centration and long incubation times, Tar in DPG-alone Nano-
discs became methylated or deamidated to an extent compara-
ble with receptor in bilayers made from the mixture of all three
E. colilipids (Fig. 2, far right pair of bars). This unusual defective
receptor state is considered further under the “Discussion.”

Investigating Influences of Specific Lipid Features—The data
in Fig. 2 demonstrated that Tar was sensitive to its lipid envi-
ronment. However, many parameters contribute to that envi-
ronment, and individual lipids can contribute in complex ways,
in part because of variability and heterogeneity in fatty acid
chains of natural lipids. To reduce this complexity, we utilized
commercially available synthetic lipids in which both fatty acids
were identical. This allowed us to compare lipid environments
that differed by a more limited number of features. As illus-
trated in Fig. 2, all our experimental measurements of the
extent of methylation and of deamidation for Tar in a specific
lipid environment yielded sufficiently similar values for propor-
tion of receptor in a functionally native state that the same
conclusions about the relative effectiveness of that lipid com-
position would have been reached using either extent of meth-
ylation or extent of deamidation. Thus to simplify data presen-
tation in Figs. 3, 44, and 54, we averaged methylation and
deamidation plateaus to generate a value for “percentage of Tar
modified” that is a representative parameter for the proportion
of receptor in a functionally native state.

Saturated Versus Unsaturated Fatty Acids—We utilized syn-
thetic PE, PG, and DPG, each carrying two identical saturated
or two identical monounsaturated fatty acids, to prepare Tar-
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containing Nanodiscs with the same headgroup combinations
used in our study of natural lipids (see previous section).
Because natural E. coli lipids contain approximately equal num-
bers of saturated and monounsaturated fatty acids (24), we
could display data from Fig. 2 with data for synthetic lipids to
compare effects of membranes with 0, ~50, or 100% unsatu-
rated fatty acids (Fig. 3). Membranes made with lipids carrying
0 % unsaturated fatty acids resulted in a low proportion of func-
tionally native Tar. For membranes made with two or three
lipids, the presence of one unsaturated fatty acid chain per lipid
substantially increased the proportion of modified receptor,
and there were only modest, if any, additional increases if both
fatty acids were unsaturated (Fig. 3). For membranes made
exclusively with PE or PG, the presence of one or two unsatu-
rated fatty acid chains resulted in small increases in the low
proportion of functionally native Tar (Fig. 3). As in our charac-
terization of effects of natural lipids, Tar in synthetic DPG-
alone membranes was defective in assays for the initial rate of
methylation but not the extent of modification. Initial rates
were undetectably low when lipids carried one or two unsatu-
rated fatty acids and substantially reduced with exclusively sat-
urated fatty acids (Fig. 3, inset). In contrast, a high proportion of
Tar inserted in DPG-alone Nanodiscs was modified in our
assays of plateau levels of modification, independent of the pro-
portion of unsaturated fatty acids. Given the unusual situation
of Tar in DPG-only bilayers, the state of Tar in those mem-
branes was not informative for identifying effects of fatty acid
composition on chemoreceptors.

Phosphatidylethanolamine—We found that the presence of
PE, the most prevalent lipid in E. coli membranes, was impor-
tant for generating a substantial proportion of functionally
native receptor structure. Fig. 44 displays relevant data from
Figs. 2 and 3 to illustrate this effect. PE increased the proportion
of functionally native structure whether the lipids carried the
natural distribution of saturated and unsaturated fatty acids
(left-hand panel) or exclusively unsaturated fatty acids (right-
hand panel). The positive contribution of PE to generating
native receptor structure was even more striking when assessed
by the stringent assay of initial rate of methylation (Fig. 4B). In
the standard conditions for that assay, Tar in membranes made
from PG or from PG plus DPG exhibited no detectable initial
rate of methylation, but Tar inserted into membranes that also
included PE exhibited substantial rates.

Which feature or features of PE are important for supporting
native chemoreceptor structure? PE has the propensity for
forming non-bilayer Hex II structures instead of lamellar struc-
tures (31, 32), and its headgroup can form hydrogen bonds (33).
At physiological pH, its zwitterionic headgroup has a net charge
of ~0. To investigate the importance of Hex II formation, we
prepared Tar Nanodiscs made with a mixture of the anionic
lipid PG carrying two unsaturated fatty acid chains plus one of
two different variants of PE that do not form Hex II but are still
zwitterionic, neutral at physiological pH, and capable of form-
ing hydrogen bonds. As assessed by the extent of modification
or the initial rate of methylation, these variants, monomethy-
lated PE carrying two unsaturated fatty acids or PE carrying two
saturated fatty acids (32, 34), were at least as effective as natural
PE in supporting functionally native Tar structure (Fig. 54).
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FIGURE 4. Importance of phosphatidylethanolamine for functionally
native receptor structure. A, plateau extents of Tar modification in Nano-
discs lacking or containing PE. Data from Fig. 2 in the left-hand panel and Fig.
3inthe right-hand panelillustrate effects of the presence of PE on the propor-
tion of Tar with the functionally native structure required for modification by
the adaptation enzymes. B, initial rates of Tar methylation in Nanodiscs lack-
ing or containing PE. In A and B, lipid compositions of the respective Nano-
discs are shown below each bar. Values with error bars (standard deviations)
are means of at least three independent experiments.

Thus propensity to form the non-lamellar Hex II structure can-
not be crucial for the positive effects of PE on the functional
state of the receptor.

Next we investigated the importance of the hydrogen-bond-
ing capacity of the amino group of PE. Trimethyl PE, i.e. PC,
cannot make hydrogen bonds and does not have a propensity to
form Hex Il yet is zwitterionic and neutral at physiological pH.
We made Tar Nanodiscs with synthetic DPG plus either PE or
PC, using lipids that had a monounsaturated fatty acid at both
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the following zwitterionic synthetic lipids: phosphatidylethanolamine carry-
ing unsaturated fatty acids (PE) (strong propensity to form Hex Il), monom-
ethylated PE carrying unsaturated (u) fatty acids (me-PE) (little propensity to
form Hex Il), or PE carrying saturated (s) fatty acids (little propensity to form
Hex Il). The bottom two lines below the abscissa indicate the fatty acid com-
position and Hex Il-forming ability of each PE form, respectively. n.a., not
applicable. B, formation of hydrogen bonds. Initial rates of methylation were
determined for Tar in Nanodiscs made with only the anionic synthetic lipid
DPG (uDPG) or with DPG plus a zwitterionic synthetic lipid: synthetic PE (uPE)
(headgroup can form hydrogen bond) or synthetic trimethylated PE, i.e. phos-
phatidylcholine (uPC) (headgroup cannot form hydrogen bond). All lipids car-
ried two unsaturated fatty acids. In A and B, values with error bars (standard
deviations) are means of at least three independent experiments. The fatty
acids of synthetic lipids are listed under “Experimental Procedures.”

positions. As assayed by initial rates of methylation, PC was at
least as good as PE in providing a membrane environment in
which embedded Tar was effectively recognized and thus mod-
ified by the methyltransferase (Fig. 5B). This indicated that the
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FIGURE 6. Dependence of functionally native Tar on proportion of ani-
onic lipid in Nanodisc membranes. Initial rates of methylation were deter-
mined for Tar inserted into Nanodiscs made with the indicated mole percents
of synthetic phosphatidylethanolamine (uPE) and phosphatidylglycerol
(uPG) or diphosphatidylglycerol (uDPG), each carrying two unsaturated fatty
acids. Values with error bars (standard deviations) are means of at least three
independent experiments.

hydrogen-bonding capacity of PE could not be the central con-
tributor to generating functionally native receptor. By elimina-
tion, it appeared that the important feature is the zwitterionic,
physiologically uncharged nature of PE.

Anionic Lipids—Although PE was important for native
receptor structure, Tar inserted in PE-only membranes exhib-
ited low extents of modification, no matter what the fatty acid
composition (Figs. 2 and 3), as well as undetectable initial rates
of methylation (see below). Generation of functionally native
Tar required membranes containing both the most prevalent
E. coli lipid, zwitterionic PE, and an anionic lipid: PG, DPG, or
both (Figs. 2—4). We investigated the requirement for an ani-
onic lipid by making Tar Nanodiscs with different proportions
of PE versus an anionic lipid, PG or DPG, all lipids carrying two
monounsaturated fatty acids, and assessing the functional state
of the receptor using the initial rate of methylation (Fig. 6). Tar
exhibited a measurable rate over a narrow range of anionic lipid
content, implying that functionally native receptor structure
was strongly influenced by the proportion of negative charge in
its lipid environment.

DISCUSSION

This study provides the first information about the influence
of the lipid composition of a membrane on the functional state
of a chemoreceptor. It has long been known that detergent-
solubilized chemoreceptors lacked most functional activities,
presumably as the result of structural disruption (5, 6), and that
reconstitution into a lipid membrane could restore function
and thus a functionally native structure (6, 35). However, essen-
tially nothing was known about the degree to which native
structure was dependent on the nature of the lipid. We
addressed this issue by reconstituting chemoreceptor Tar into
membranes contained in Nanodiscs. In this initial study, we
limited our investigation to the influence of the lipid environ-
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ment on the fundamental chemoreceptor structural unit, the
homodimer. We did so by preparing Nanodiscs containing only
single Tar homodimers. These dimers were thus isolated from
potential interactions with neighboring dimers in the same
membrane. We found that the proportion of Tar in its function-
ally native state was strongly influenced by membrane lipid
composition. Thus functionally native structure requires not
only that the chemoreceptor transmembrane segment be sur-
rounded by a hydrophobic lipid bilayer, but it also requires spe-
cific features of the lipids that create that environment. This
dependence on particular lipid properties provides information
important for designing and interpreting in vitro characteriza-
tion of chemoreceptors and signaling complexes.

Our results indicate that chemoreceptor Tar is in large part
tuned to its natural lipid environment, the E. coli cytoplasmic
membrane. The highest proportion of functionally native
receptor, as assessed by the extent and initial rate of adapta-
tional modification, was in membranes formed from an acidic
lipid extract of E. coli membranes (Fig. 2). This extract con-
tained the three major lipids, PE, PG, and DPG, plus minor lipid
constituents. A somewhat lower proportion of native Tar was
found when receptor was inserted in membranes formed from
the three major lipids that had been purified from the acidic
extract and mixed in ratios reflecting the proportions found in
native membranes (Fig. 2). The reduced efficiency implies that
receptor structure is influenced, albeit modestly, by minor
components of native membranes. The extent to which Tar is
tuned to a native membrane environment was emphasized by
effects of membranes made with fewer than all three of the
major E. coli lipids. Nanodisc-enclosed bilayers made with one
or two lipids were not as effective as all three, although elimi-
nating DPG, present at only 5-10 mol % in native membranes,
generated a very modest reduction in functional Tar (Fig. 2).

Effects of Fatty Acids—Natural lipids isolated from cell mem-
branes carry a heterogeneous array of fatty acids. These fatty
acids vary in chain length (primarily 16 and 18 carbons, with
some two carbons shorter) and number of double bonds (zero,
one, or two) with most lipids carrying one saturated and one
monounsaturated fatty acid (24). Using chemically synthesized
forms of the three major E. coli lipids, we found that the func-
tionally native state of Tar was not dependent on this heteroge-
neity because synthetic lipids with two identical monounsatu-
rated fatty acids were at least as effective at supporting native
Tar structure as the natural lipids, no matter what the identity
or combination of headgroups (Fig. 3). Use of synthetic lipids
also provided information about the importance of unsaturated
fatty acids for receptor structure. Independent of the polar
headgroup, Tar embedded in membranes assembled from lip-
ids with exclusively saturated fatty acids exhibited low levels of
functionally native structure relative to membranes containing
natural lipids, which carry ~50% unsaturated fatty acids (24), or
synthetic lipids carrying 100% unsaturated fatty acids (Fig. 3).
These observations could be taken to imply that lipid bilayer
fluidity influences receptor structure. However, in Nanodiscs
containing a receptor dimer, most lipid molecules are adjacent
to, or one lipid away from, a protein surface. Thus interpreting
results in terms of conventional notions of lipid fluidity may not
be appropriate. In any case, at least one feature of exclusively
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unsaturated fatty acids in the lipid bilayer is unfavorable to gen-
erating functionally native receptor structure. It could be as
simple as the inability to accommodate the uneven surface of
the receptor by fatty acid side chains lacking the packing per-
turbations of a double bond.

Roles of Phosphatidylethanolamine and Ionic Lipids—Char-
acterization of the extent of functionally native Tar in mem-
branes containing different combinations of native lipids (Figs.
2 and 3) identified phosphatidylethanolamine, the predomi-
nant lipid in native E. coli membranes, as an important contrib-
utor to the generation of functionally native receptor structure
(Fig. 4). Using synthetic lipids, some of which were not native to
E. coli, we found that neither the properties of PE that favor
non-bilayer Hex II structures nor its ability to hydrogen-bond
were crucial for its ability to enhance the proportion of native
Tar. By elimination, it appears that the zwitterionic, physiolog-
ically neutral nature of PE is the feature crucial for generating
functionally native chemoreceptor.

We found that for lipids naturally found in E. coli mem-
branes, functionally native Tar structure required both PE and
an anionic lipid in its bilayer environment (Figs. 2 and 3), but
too much negatively charged lipid was as deleterious as none at
all (Fig. 6). Interestingly, a recent computational modeling
study of a chemoreceptor inserted in membrane approximating
the native one found evidence for clustering of anionic lipids
near the receptor (36), an observation consistent with our find-
ing that the presence of an anionic lipid is important for Tar.
However, unlike that study, we did not observe any preference
for DPG over PG. The requirement for some but not too much
anionic lipid could reflect a need to modulate properties of PE
such as its propensity for Hex II formation and/or for charge-
charge interactions between positively charged Tar residues at
the membrane interface and negatively charged bilayer lipids
(37, 38). Whatever the need, it is optimally satisfied with only 7
mol % anionic lipid (Fig. 6). With ~68 lipids per Tar-containing
disc (see “Experimental Procedures”), 7 mol % would corre-
spond to ~5 anionic lipids per leaflet and ~10 per bilayer. The
experimentally indistinguishable relationships between the
mole percent of unsaturated PG or unsaturated DPG and gen-
eration of functionally native receptor, although DPG has two
negative charges per molecule and PG has only one, implies that
whatever the influential parameter, it is related to the number
of anionic lipids per unit area, not the charge per unit area or a
requirement for a specific anionic lipid.

The Unusual Case of Diphosphatidylglycerol—Tar inserted
into DPG-only Nanodiscs exhibited apparently contradictory
behavior in our two assays for functionally native receptor. Ini-
tial rates of methylation indicated that the receptor population
was in large part nonfunctional, but plateau levels of modifica-
tion implied that most of the population was functional. This
apparent contradiction is likely to reflect the different features
assessed by the two assays. Measurable initial rates require that
a reasonable proportion of the receptor population is in a func-
tional state during a brief period of exposure to a few enzymes
relative to the receptor substrate. A substantial plateau extent
of modification requires only that each modified receptor attain
the functional state, even briefly, during the extended, 2-h incu-
bation so that it can be recognized and modified by enzyme
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present in as many copies as substrate. For instance, Tar in
DPG-only bilayers could be in an equilibrium between a very
probable abnormal state and an improbable but possible func-
tionally normal state. In fact, results of mutational studies have
led Parkinson and colleagues to suggest that chemoreceptors
can be driven into an abnormal, nonfunctional state that is still
in conformational equilibrium with functional states (39 —41).3

Lipids and Chemoreceptors—In summary, our studies of
effects of membrane lipids on chemoreceptor Tar indicate that
the receptor is greatly influenced by the properties of those
lipids and that in many ways the receptor is tuned to the fea-
tures of its native lipid environment.
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